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Cell Cycle±Dependent Translation Minireview
Initiation: IRES Elements Prevail
to be at the level of controlling the amount or the cap
binding activity of the eIF4E-eIF4G complex (reviewed
in Gingras, et al., 1999). For instance, the dephosphory-
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Berkeley, California 94720 lation of a competitive inhibitor of the eIF4E-eIF4G inter-
action, the 4E-BPs, can lead to decreased amounts of
eIF4E bound to eIF4G. Furthermore, the dephosphoryla-
tion of eIF4E can diminish its interaction with eIF4G andOnce mRNA is transcribed from DNA, its level of expres-
the cap structure. In fact, the appearance of dephos-sion is dependent upon the efficiency of a number of
phorylated eIF4E correlates with the loss of cap bindinginterconnected cellular processes. These include poly-
activity and cap-dependent translation in G2/M cellsadenylation and splicing in the nucleus, mRNA export,
(Bonneau and Sonenberg, 1987; Huang and Schneider,and degradation and localization in the cytoplasm. The
1991).expression of an individual mRNA also depends upon
Cap-dependent translation is not, however, the onlythe activity of the translational machinery, and the pres-
means by which an mRNA's translation can be initiated.ence or absence of sequence elements that either acti-
The discovery of internal ribosome entry sites (IRES) onvate or inhibit its translation. This minireview will de-
picornavirus mRNA revealed that the small ribosomalscribe recent work examining how specific mRNA
subunit could bind within the mRNA in a cap-indepen-sequences overcome the general inhibition of transla-
dent manner (Jang et al., 1988; Pelletier and Sonenberg,tion that occurs in the G2/M phase of the cell cycle.
1988). As a result of this property, IRES elements pro-Proper execution of the cell cycle requires that certain
vided the first exception to the general mechanism ofproteins be present or active at specific times. Previous
scanning from the 59 end of the cap structure for eukary-work in this well-studied area has described intricate
otic translation initiation. An example of how this is usedcontrols involving both transcriptional and posttransla-
to the virus' advantage is that poliovirus mRNA wastional (modification/proteolysis) regulation that allow for
shown to be unaffected by the general inhibition ofthis temporal control. Little work has been done, how-
translation in G2/M phase (Bonneau and Sonenberg,ever, on understanding the role of cell cycle±specific
1987). Multiple IRESs have subsequently been found ontranslational control. It has been known that cells ar-
different viral mRNAs. Until recently less than a dozenrested in the G2/M phase or in mitosis translate at about
IRESs had been found on cellular mRNAs. In the last25% the rate of interphase cells, and that this is in part
year, several more interesting IRESs have been de-due to an inhibition of the translation initiation step (Fan
scribed (reviewed in Johannes and Sarnow, 1998, andand Penman, 1970; Tarnowka and Baglioni, 1979; Bon-
Coldwell et al., 2000; Holcik et al., 1999; Henis-Korenblitneau and Sonenberg, 1987). This inhibition occurs as a
et al., 2000).result of loss of the cap binding protein's ability to bind
Unveiling IRES Function during the Cell Cycleto the cap structure, and thus is thought to reflect a
Over the past few years a reconstituted ribosome bind-general loss of cap-dependent translation in this phase
ing assay has allowed for the elucidation of the mecha-of the cell cycle (Bonneau and Sonenberg, 1987; Huang
nisms by which various IRES elements work (Pestovaand Schneider, 1991).
et al., 1998) (Figure 1B). Some of these elements act byMechanism of Ribosome Recruitment to mRNA
providing a high-affinity binding site for the RNA bindingThe cap binding protein and its associated factors nor-
mally play a key role in the process of translation initia-
tion (reviewed in Sachs et al., 1997 and Gingras et al.,
1999). In order for the small ribosomal subunit to scan
the sequence of the 59 leader for the first initiator codon,
the 59 leader must first be freed of extensive secondary
structure. The melting of such structure is achieved by
the recruitment of the RNA helicase eIF4A to the 59
leader via its association with the translation initiation
factor eIF4G. eIF4G is itself brought to the mRNA via its
interaction with the cap binding protein eIF4E, with the
poly(A) tail binding protein Pab1p, and with the RNA
itself. Subsequent to eIF4A, the small (40S) ribosomal Figure 1. Mechanisms of Ribosome Recruitment to mRNA during
Translation Initiationsubunit is thought to bind near the very 59 end of the
mRNA via an interaction between its associated eIF3 (A) Cap-dependent mechanism. The eIF4E-eIF4G interaction targets
the small ribosomal subunit to the 59 end of the mRNA. eIF4G alsocomplex and a part of eIF4G (Figure 1A).
interacts with Pab1p, eIF3, and the RNA helicase eIF4A to mediateThe association of the eIF4E-eIF4G complex with
the initiation process.mRNA is known to be a highly regulated process. The
(B) IRES-dependent mechanisms. IRES elements bypass the need
majority of this regulation in differentiated cells appears for an eIF4E±eIF4G interaction by providing alternative means by
which the ribosome is recruited to the mRNA. Arrows indicate the
various direct interactions between IRES elements and the initiation
machinery that have thus far been elucidated.* E-mail: asachs@uclink4.berkeley.edu
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the downstream ORF is stimulated. As controls for this
assay, artifactual expression of the second ORF as a
result of leaky scanning through the first ORF, ribosome
reinitiation after termination at the end of the first ORF,
or mRNA truncation to yield a new 59-end in front of the
second ORF, are always performed. A secondary test
of the IRES relies on past observations that the inhibition
of cap-dependent translation in vivo or in vitro either
leaves unaffected or stimulates translation from IRES-
driven ORFs (Liebig et al., 1993; Ohlmann et al., 1996).
Thus, stimulation of the second ORF in the dicistronic
Figure 2. The Dicistronic Assay for IRES Activity mRNA after the inhibition of cap-dependent translation
IRES activity can be detected by measuring the expression of the is another hallmark of IRES activity.
second open reading frame on a capped mRNA. The different con- All of these criteria were met by a region in the 59 leader
structs used to study the ODC and p58PITSLRE IRES elements in vivo, of the ODC mRNA. Further dissection of it revealed that
as well as the degree to which these IRESs stimulated translation
a region encompassing the 152 nucleotides precedingof the downstream open reading frames versus a control RNA se-
the initiation codon contained the IRES activity. Thesequence, are indicated. Note that the strength of the IRESs cannot
studies also showed that the partial inhibition of cap-be compared based on these data since the p58PITSLRE IRES activity
was measured in G2/M-arrested cells while the ODC IRES activity dependent translation mediated by the hairpin lying 59
was measured in asynchronous cells. to the IRES was partially relieved by the IRES, sug-
gesting that these two elements have coevolved to max-
imize translational control of this mRNA. Up to this point,surface on eIF4G. Others work by binding to eIF3 and/or
these data helped to contribute to the ever growing listthe 40S subunit. Given the range of ways IRES elements
of cellular mRNAs that contain an IRES element (seehave evolved to avoid using the eIF4E-eIF4G complex
below). What was remarkable about the ODC IRES, how-as a landing pad at the 59 end of the mRNA, perhaps it
ever, was that it did not function throughout the cellis not surprising that the two recent papers discussed
cycle. Instead, it was shown via cell synchronizationbelow report that cellular mRNAs which bypass the gen-
studies that the IRES worked best at the G2/M boundary.eral blockade to translation in G2/M-arrested cells can
As this is the part of the cycle where cap-dependentdo so by utilizing a cell cycle±dependent IRES.
translation is inhibited and ODC protein levels peaked,In the first of these papers (Pyronnet et al., 2000 [April
it was proposed that this IRES was responsible for theissue of Molecular Cell]), Sonenberg and colleagues
G2/M-specific expression of ODC.have pursued an earlier observation that ornithine de-
In the second related paper by Cornelis and cowork-carboxylase (ODC) levels exhibit two transient peaks
ers on this topic (Cornelis et al., 2000 [April issue ofduring the cell cycle; one is at the G1/S boundary and
Molecular Cell]), an IRES element that specifically func-the second at the G2/M boundary (Fredlund et al., 1995).
tions during the G2/M period is also described. This
In the current work ODC enzymatic activity was found
investigation began by examining the expression of a
to increase 15-fold at the G2/M boundary, even though
58 kDa PITSLRE protein kinase (p58PITSLRE), and a larger
protein stability did not appreciably change and the ODC
110 kDa (p110PITSLRE) form from which p58PITSLRE is derived.
mRNA level increased only 3-fold. Armed with this infor- It was initially found that p58PITSLRE expression was in-
mation, it was then discovered that the peak of ODC duced nearly 20-fold in cells arrested at the G2/M phase,
activity at the G2/M boundary was not prevented by whereas the p110PITSLRE was not. In a series of well-
even further decreases in the amount of eIF4E, although designed experiments, these authors found that p58PITSLRE
the peak of activity at the G1/S boundary was. These was produced from the p110PITSLRE mRNA, and that it
results suggested that ODC translation during the was not produced as a result of p110PITSLRE proteolysis
G2/M but not the G1/S phase occurred through a cap- or of leaky scanning through the 17 initiator codons
independent initiation mechanism. prior to its initiator codon. Based on these data, it was
Further examination of the 59 leader of the ODC mRNA hypothesized that p58PITSLRE expression was driven by
revealed it contained sequence elements near the initia- an IRES found within the open reading frame of the
tor methionine codon that resembled those found on p110PITSLRE mRNA just 59 to the p58PITSLRE initiation codon.
IRES-containing mRNAs. The leader 59 to this region This was a particulary striking hypothesis since the pres-
was also predicted to contain a hairpin structure, and ence of an IRES within the coding region of an mRNA
this region was found to partially inhibit cap-dependent is unprecedented.
translation as a result of blocking the scanning or ribo- To test this hypothesis, discistronic mRNA constructs
some binding processes. containing as few as 220 nucleotides found just before
A gold standard for detecting IRES activity is the dis- the p58PITSLRE initiator codon were examined. In cellular
cistronic mRNA assay (Pelletier and Sonenberg, 1988) transfection studies, this and slightly larger regions de-
(Figure 2). In this test a capped mRNA containing two rived from the p110PITSLRE mRNA were shown to greatly
open reading frames (ORFs) and the putative IRES ele- stimulate the expression of the second ORF (Figure 2).
ment between them is analyzed for expression either in Unfortunately, this IRES did not function in the discis-
vivo or in vitro. The first ORF is translated by the cap- tronic assay using in vitro translation extracts. Cornelis
dependent scanning mechanism and the second via and colleagues did not inactivate cap-dependent trans-
an internal initiation mechanism. If the putative RNA lation in these lysates (which stimulates IRES-depen-
dent translation) as had the Sonenberg group, and soelement functions as an IRES, then the expression from
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it remains to be determined whether the p58PITSLRE IRES IRESs to rapidly dividing cells should provide a very
could be made to function in vitro under certain condi- powerful new tool to control gene expression without
tions. Most importantly, this IRES was found to stimulate the use of specific promoters. Will these IRESs function
the synthesis of the second open reading frame on the as advertised under a wide range of conditions in differ-
discistronic mRNA in a cell cycle±dependent manner. ent mRNA constructs, and will they provide enough of
Based on these data, the authors conclude that the a change in mRNA expression to be useful? Likewise,
p58PITSLRE form of this protein kinase serves an essential will it be possible to inactivate the machinery that specif-
role during G2/M, and that its expression is limited to ically recognizes these IRESs by chemotherapeutics,
G2/M by an IRES-dependent mechanism since it is either and if so could these compounds represent a novel
inhibitory or unnecessary elsewhere in the cell cycle. class of growth inhibitors? The answers to these and
More IRESs to Come? many more questions will likely be found over the next
Given the sudden appearance in the literature of two cell few years, and with them will come an even greater
cycle±regulated IRESs on cellular mRNA, and another on appreciation for how the regulation of gene expression
hepatitis C viral RNA (Honda et al., 2000), it is reasonable is exerted in cells.
to ask why it has taken so long to find them, and how
Selected Readingmany more IRESs, either constitutive or regulated, are
there likely to be in various eukaryotic genomes? The
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data that many cellular mRNAs have sequence elements Jang, S.K., Krausslich, H.G., Nicklin, M.J., Duke, G.M., Palmenberg,
A.C., and Wimmer, E. (1988). J. Virol. 62, 2636±2643.that allow them to be translated at good rates when the
overall level of cap-dependent translation in the cell is Johannes, G., Carter, M.S., Eisen, M.B., Brown, P.O., and Sarnow,
P. (1999). Proc. Natl. Acad. Sci. USA 96, 13118±13123.diminished. It is possible that some of these mRNAs will
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during G2/M, and potentially other times during the cell
cycle. Related questions are which parts of the IRES
RNA serve as recognition sites for the translation fac-
tors, and by what mechanism is the ribosome recruited
to the IRES? Similarly, how many mRNAs are going to
be under translational control during the cell cycle, and
will their identification help to more fully understand how
the cell cycle is driven forward?
A related and possibly more interesting issue for the
broader audience is the potential usefulness of these
cell cycle±regulated IRESs in heterologous constructs.
As is pointed out in both the papers describing these
elements, the ability to target gene expression via these
